Atomic-scale investigation was performed on 51CrV4 steel, isothermally held at different temperatures within the bainitic temperature range. Transmission electron microscopy (TEM) analysis revealed three different morphologies: lower, upper, and inverse bainite. Atom Probe Tomography (APT) analysis of lower bainite revealed cementite particles, which showed no evidence of partitioning of substitutional elements; only carbon partitioned into cementite to the equilibrium value. Carbon in the bainitic ferrite was found to segregate at dislocations and to form Cottrell atmospheres. The concentration of carbon remaining in solution measured by APT was more than expected at the equilibrium. Upper bainite contained cementite as well. Chromium and manganese were found to redistribute at the cementite-austenite interface and the concentration of carbon in the ferritic matrix was found to be lower than the one measured in the case of lower bainite. After isothermal treatments close to the bainite start temperature, another austenite decomposition product was found at locations with high concentration of Mn and Cr, resembling inverse bainite. Site-specific APT analysis of the inverse bainite reveals significant partitioning of manganese and chromium at the carbides and at the ferrite/martensite interfaces, unlike what is found at isothermal transformation products at lower temperatures.
Introduction
The formation of bainite has been attracting scientific interest for almost a century. What makes it attractive is the fact that it combines characteristics of fundamentally different phases, which are martensite and Widmanstätten ferrite; this circumstance is the reason why the mechanism of formation of this phase, a mixture of ferrite and cementite, is still object of controversy. The morphology of ferrite and the distribution of carbides depend on the transformation temperature and therefore bainite is usually classified as either upper bainite or lower bainite. When formed at low temperatures, lower bainite shares common characteristics with martensite and it is sometimes even impossible to distinguish them microscopically. This experimental finding suggests that the mechanism of formation of bainite is similar to that of martensite and therefore might be diffusionless in nature. On the other hand, an increasing number of experimental and theoretical studies support the similarity between bainitic ferrite and proeutectoid ferrite with Widmanstätten morphology and the idea that bainite growth is determined by carbon diffusion.
Hultgren first proposed in 1947 that upper bainite could form by initial precipitation of ferrite with Widmanstätten morphology followed by cementite precipitation on its sides [1] . The concept was further analysed by Hillert, who has shown that there is no reason to treat Widmanstätten ferrite and bainitic ferrite as different products, as there is no kinetic discontinuity [2] . According to this approach, the bainitic ferrite nucleates at austenite grain boundaries and grows at a rate determined by the diffusivity of carbon. Aaronson et al., supporting the above-described theory, have considered the effect of alloying elements on the bainitic transformation, and the potential segregation of substitutional elements at the growing phase interface [3] .
The diffusionless approach to bainite formation was introduced by Zener in 1946 [4] , further developed by Ko and Cottrell [5] , and more recently supported by Bhadeshia [6] . According to this approach, a subunit of bainitic ferrite, supersaturated in carbon, nucleates on an austenite grain boundary. The growth is instantaneous and displacive and stops because of the plastic deformation of the adjacent austenite. The bainitic ferrite is initially supersaturated with carbon, which needs to be rejected by diffusion into the residual austenite, in which it can form carbides with para-equilibrium composition. Carbon can also directly precipitate in the form of carbides within the bainitic ferrite subunit, if insufficient diffusion can take place due to the transformation temperature being low. Once bainitic sub-units have formed, the bainite formation can continue by the autocatalytic nucleation and displacive growth of new sub-units on the tip of previously formed subunits.
Recent studies have revealed that, although carbon is depleted from bainitic ferrite, bainitic ferrite even after long times retains more carbon than is theoretically predicted by thermodynamic equilibrium. Recent Atom Probe Tomography and Synchrotron X-Ray Diffraction studies observe this phenomenon and some authors claim that the carbon that is trapped in the bainitic ferrite causes tetragonality of its cubic lattice [7] [8] . However, the fact that the carbon does not diffuse out of the bainitic ferrite given the time and the driving force still cannot be explained satisfactorily.
The composition appears to be playing a very important role in the morphology of bainite. Especially in high carbon and chromium containing steels, when austenite decomposes at temperatures between 500 and 700 ∘ C, non-classical austenite decomposition products were reported. One of them, formed close to the bainite start temperature (around 500 ∘ C), is called inverse bainite on the basis of its inverse morphological characteristics with respect to the conventional bainite [9] . Inverse bainite is in fact identified as a phase mixture of carbide plates surrounded by Widmanstätten ferrite. The presence of inverse bainite was used by Borgenstam et al. to support the concept that austenite decomposition occurs by "mirror mechanisms" for compositions lower and higher than the eutectoid composition [10] , and thus claim the generality of the diffusional mechanism in bainite formation. By mirror mechanisms it is implied that bainite and inverse bainite are products of austenite decomposition, which are obtained by similar processes, but with their constituents, ferrite and cementite, having opposite roles. In a bainitic microstructure, a leading phase grows from the prior austenite grain boundary with a Widmanstätten morphology, followed by the formation of a secondary phase. Following this mechanism, at hypo-eutectoid compositions, the leading phase is ferrite, while at hyper-eutectoid compositions the leading phase is cementite. Recent studies on inverse bainite formation have more clearly defined its mechanism in terms of thermodynamics and have provided insight into the microstructural and crystallographic aspects [11] [12] [14] [15] [16] . Besides carbon, substitutional alloying elements such as Mn, Cr, and Mo are known to affect the formation of bainite in different ways. The presence of these elements in steel retards the growth of bainite by inducing a solute drag effect and can also limit the maximum fraction of bainite that can be obtained from an isothermal treatment at a given temperature (incomplete reaction phenomenon) [11] [12] [13] [14] [15] [16] .
Cr addition reduces the eutectoid carbon composition of steels, so even alloys with C content as low as 0.4 wt% can produce microstructures similar to the ones found in hypereutectoid FeeC steels. This is especially applicable to the observation of inverse bainite, which is primarily found in hyper-eutectoid steels. Recent studies reported similar microstructures in Cr containing steels with lower carbon contents [17] .
Transmission Electron Microscopy (TEM) studies of inverse bainite microstructures show evidence of a crystallographic orientation relationship between the acicular carbides, the surrounding ferrite and the parent austenite. This was achieved by relating the orientation of retained austenite in partially transformed specimens with the orientation of the carbides and the ferrite sheaves.
Information about the composition of the different constituents of the inverse bainitic microstructure is very limited in literature, most of the studies report the carbides as being of the M 7 C 3 type with significant partitioning of Cr from the matrix to the carbide. Detailed study on the composition of the non-classical decomposition products of austenite can help to elucidate the transformation mechanism leading to their formation, as well as the relation between these products and conventional bainite. Due to the fine scale of the microstructure, a high resolution chemical composition analysis technique is required. Atom Probe Tomography (APT) is a very suitable technique for such an analysis, especially if combined with site-specific tip preparation and TEM. In this work, the microstructures obtained by isothermal treatment of 51CrV4 steel within the temperature range of bainite formation are studied by means of transmission electron microscopy and atom probe tomography. TEM provides information about the bainitic microstructure morphology at different temperatures, APT enables a detailed compositional analysis of these microstructures. The compositional information can help elucidate the reasons for the wide morphological variety of bainite in medium carbon low alloy steel grades.
Experimental procedure
Samples of 51CrV4 steel were received in as rolled condition. The samples were cut out from hot rolled bars with dimensions 95 × 49 × 5500 mm 3 . The chemical analysis was performed on 30 × 30 mm 2 cross-sections of the bars, perpendicular to the rolling direction, by means of Optical Emission Spectroscopy (OES). The chemical composition of 51CrV4 steel is shown in Table 1 .
Besides the average chemical composition, local fluctuations in the chemical composition, expected to affect the phase transformations, were measured in the normal direction by Electron Probe Micro Analysis. The details of the measurement, as well as the interpretation of the effect of the segregation on the microstructure formation were previously published by the authors [17] . The concentration profile of Cr and Mn is shown in Fig. 1 .
The dilatometric specimens with dimensions Φ4 × 10 mm 2 were machined using Wire Electro-Discharge Machining (EDM). The dilatometric tests were performed in a Bähr 805A Quench dilatometer, with the heat treatment schemes shown in Fig. 2 . The specimens were placed in the dilatometer with two thermocouples, spot welded, one at the centre and the other 1 mm from the edge in order to control the temperature and observe its gradient during the treatment. All samples were heated within 60 s to the austenitisation temperature (900 ∘ C) under vacuum and then quenched to an isothermal holding temperature in the range 300-510 ∘ C using helium gas. After the isothermal holding, the samples were quenched to room temperature. The quenching rate was high enough to avoid austenite-to-ferrite transformation according to TTT diagrams for the specific chemical composition. This rate was chosen to be 30
For microstructural characterization, dilatometric samples were mounted on a specially designed sample holder, then ground, polished and etched with Nital 2%. Scanning Electron Microscopy (SEM) analysis was carried out in a Field Emission Gun Scanning Electron Microscope (FEG-SEM) JEOL 6500F operated at 15 kV. For TEM analysis, specimens were prepared from the dilatometry samples after austenitisation and isothermal holding. Although the temperature gradient within the dilatometric specimen during the heat treatment was found to be within 10 ∘ C, in order to ensure that the microstructure observations were consistent with the dilatometry measurements, the sample discs were cut from the central zone of the dilatometric specimen, close to the thermocouple. The TEM discs were manually ground down to 60 μm, and then Ar-ion polished to final electron transparent thickness using a GATAN 691 PIPS system. For the observation, a JEOL JEM-2100 electron microscope operated at 200 kV was used. APT samples were also prepared from the dilatometry specimens using focused Ion Beam (FIB) milling. Lift-out procedures, as described in Ref. [18] [19] [20] were used to produce the atom probe specimens. The method as described in [19] is employed for APT sample preparation to study the acicular cementite in inverse bainite. Its size on the order of tens of nanometres and its non-uniform distribution in the microstructure made it particularly challenging to capture inverse bainite within an APT specimen, using the conventional lift out procedure. Thus, the method applied in the present study incorporated as a first step coarse FIB cutting at 52 ∘ and 0 ∘ sample tilt. The FIB-cut lamella was then placed at an axial manipulator and rotated 90 ∘ manually after opening the FIB chamber as shown in Fig. 3 . After rotation, the lamella was lifted out from the axial manipulator and then welded using platinum on electro-polished molybdenum posts [21] . APT measurements were performed using a local electrode atom probe (LEAP 3000X HR, Cameca Instruments) in voltage mode at a specimen temperature of −213°C (60 K). The pulse fraction and the pulse frequency were 15% and 200 kHz, respectively, for all measurements. APT data analysis was performed using the IVAS software (Cameca Instruments). Calibration of the Image Compression Factor (ICF) and K f constant as per the procedure explained in [22] [23] . A peak decomposition algorithm incorporated in the IVAS software was used to decompose the (12C 3 13C 2+ ) peak at a mass-to-charge ratio of 24.5 Da.
Results

Isothermal treatment at 300°C
The isothermal treatment at 300 ∘ C, despite the macro-chemical segregation detected by EPMA, produced a homogeneous bainitic microstructure after 1 h of treatment. Fig. 4a shows the bainitic microstructure produced after 1 h holding at 300 ∘ C. Extensive carbide precipitation is evident. The carbides are fine and elongated, aligned at an angle towards the length of the bainitic ferrite plate. For observation at a higher magnification, TEM was employed. The observation in the TEM confirms the presence of elongated carbides parallel to each other within the ferrite plates. No carbides are found at the plate boundaries (see Fig. 4b ). Significant presence of dislocations is verified in the specimen and their distribution appears to be homogeneous.
In order to obtain compositional information about the carbides and the bainitic ferrite, APT tips were obtained from an area containing both bainitic ferrite and carbides by site specific preparation.
In Quantitative chemical information can be obtained by the proximity histograms. Fig. 5b shows the proximity histogram of the lower large C cluster with the zero position at an isosurface of 25 at.% C. The proximity histogram shows a carbon content of around 25 at.% in the centre of the carbide. Indeed, there is no partitioning of Cr or Mn. The last point of the Cr measurement appears to be high, but the error of this point is high as well, so it can be concluded that there is no significant Cr fluctuation within the carbide. The reduced concentration of Si in the carbides and its increased concentration around the α/θ interface is verified by several measurement points with very limited error margin. The above analysis shows that the carbides formed at 300 ∘ C can be identified as cementite formed under non-partitioning conditions for the substitutional elements (cementite in para-equilibrium conditions), with the Si most probably partitioning during isothermal holding, after carbide formation.
In order to analyse the smaller carbon clusters observed in the areas between two adjacent carbides, C isosurface maps were constructed at carbon concentrations between 4 and 11 at.%, Fig. 6 . This analysis shows that carbon accumulates in three dimensional features, while the other elements do not redistribute. The carbon concentration at these features reaches 11 at.%. The same analysis was performed for the bulk of the bainitic ferrite, this time excluding areas with a carbon content higher than 1 at.%. In this way, the carbon content in solution in the matrix was estimated. The result shows that the carbon concentration in the matrix is on average 0.65 at.%, higher than the equilibrium value 0.27 at.%, determined from the α/γ line in the phase diagram, calculated with Thermocalc and extrapolated to 300 ∘ C.
Isothermal treatment at 420°C
In contrast to the isothermal treatment at 300 ∘ C, the treatment at 8a shows the ion maps for C, Cr, Mn and Si. The C-map reveals two large carbon clusters and a low-carbon matrix, whereas the maps of substitutional elements show a slight enrichment at the interface of the carbides. Fig. 8b shows the proximity histogram plotted from a C isosurface of 25 at.%. The proximity histogram shows that the carbon content of the carbide is around 25 at.% in the interior of the particle, but also that there is a slight increase of Cr and Mn content close to the interface. In contrast, the silicon is depleted from the interior of the carbide to the interface, where Si content reaches a maximum of 1.2 at. %, with the composition inside the carbide being around 0.33 at.%. The APT results suggest that the carbides forming under these conditions are also cementite, which can be enriched slightly in Cr and Mn and depleted in Si.
The carbon content of the bulk was measured in this sample following the same procedure. The results indicate that the carbon content in ferrite of upper bainite is 0.35 at.%, higher than the equilibrium value resulting from the extrapolated α/γ line in the phase diagram at the selected temperature, calculated by Thermocalc, which is 0.12 at.%.
Isothermal treatment at 510°C
The specimens that were isothermally treated at 510 ∘ C differed fundamentally from the ones transformed at lower temperatures, Fig. 9 . The microstructure characterization reveals multiple microstructural constituents. Allotriomorphic ferrite with Widmanstätten secondary plates are evident at prior austenite grain boundaries. Additionally, an aggregate of acicular carbides surrounded by thin layers of ferrite is found to grow directionally from the α/γ interface, coinciding with the prior austenite grain boundaries, Fig. 9a . In the areas surrounding these aggregates, the microstructure remains unetched, and these areas are identified as M/A resulting from the final quench to room temperature. This is consistent with the observation that the isothermal treatment was interrupted before the transformation was complete. The TEM analysis of this microstructure focused on the carbideferrite aggregates, in order to elucidate the formation mechanism. Bright-Field (BF) TEM micrographs show that the carbides have a needle or fibre morphology. They are generally surrounded by a film of ferrite, but occasionally carbides are found to be directly surrounded by martensite, as indicated by the arrows in Fig. 9b . The martensite is characterized by its different contrast, which indicates higher dislocation density, aided by Selected Area Electron Diffraction (SAED). The carbides are identified to be cementite by means of SAED and Dark Field imaging from (311) reflection of cementite, Fig. 9c-d . The thickness of the carbides is around 10 nm, while the thickness of the surrounding ferrite is consistently measured to be around 20-30 nm. The aggregates exhibit a certain degree of branching, at an angle of around 60
∘ from the main direction of the aggregate.
The APT elemental maps show multiple areas, in which redistribution of C, Mn, Cr, and is evident, Fig. 10a . There is an area clearly defined by two interfaces enriched in C, Mn and Cr, which outlines the carbide-ferrite aggregate detected in TEM. Within the aggregate, the ferrite film is depleted from C, Cr, Mn and enriched in Si. Approaching the ferrite/carbide interface, the Si concentration reaches a peak and the concentration of C, Cr and Mn gradually increase. Finally, within the cementite, C reaches a peak concentration of around 21 at.%, with the Cr concentration being around 8 at.% and the Mn concentration around 5 at.%, Fig. 10b . The θ/α interfaces are significantly enriched in C, Mn, and Cr and depleted of Si as well, as seen by the proxigram in Fig. 10b. 
Discussion
Lower bainite (300°C)
After isothermal transformation at 300 ∘ C, the microstructure is homogeneous at the micro-scale, which means that the sample contains areas that transformed into bainite while containing high Cr, Mn, and Si concentrations. In this particular case, it is interesting to measure the composition of the bainitic ferrite and the carbides in order to examine the possible effect of Cr, Mn and Si on the evolution of the transformation. Therefore, for the sample preparation, the bulk composition of the area was chosen to contain a high concentration of alloying elements, so in case alloying element re-arrangement would occur, it would be evident in the measurement. APT carbon maps reveal two precipitates with around 25 at.% of carbon, Fig. 5 . Cr and Mn maps show no redistribution of these elements between the precipitate and the ferritic matrix. Si, on the other hand, is found to have a lower concentration inside the precipitate. Since the isothermal treatment is 1 h long and the exact time of the formation of the specific carbides is not known, we assume that Si, similarly to the other substitutional alloying elements present in the sample, did not partition during the formation stage, as it is also claimed for the case of cementite formation in tempered martensite at similar temperatures [24] . Given the fact that the diffusivity of Si in α iron is higher than the the diffusivities of Cr and Mn at 300 ∘ C [25] , it is suggested that the redistribution of Si occurred after the precipitation, during the holding at 300 ∘ C. The depletion of silicon from the precipitates and the accumulation of this element at the precipitate's interface with bainitic ferrite can contribute to the retardation of carbide growth during further isothermal holding [25] . In this framework, the time of the treatment after the precipitation of the carbides has an effect on the microstructure that is similar to tempering. As far as the other substitutional alloying elements are concerned, there is no difference of their concentrations in the carbides and in the bainitic ferrite. Furthermore, carbon clusters are observed in between the precipitates. Using carbon isosurfaces, Fig. 6 , it is shown that these clusters reach concentrations higher than 11 at.% of carbon. The carbon concentration of these clusters is more than the value of 6-8 at.% reported in literature for Cottrell atmospheres, formed by segregation at the dislocations [27] . However, the concentration is less than expected for transitional carbides or cementite. Given the fact that, according to TEM observations and literature [27] , the dislocation density is high for the bainitic ferrite, carbon is expected to segregate at dislocations. Other studies [26] show that close to the precipitates and at the grain boundaries there is an increase in dislocation density and carbon tends to get trapped at such lattice defects. Carbon clusters were found to be located in between the two precipitates, which could be attributed to an increased dislocation density at these locations. The dislocation density could be high at that location due to high transformation strain accommodation by the bainitic ferrite.
The high carbon concentration observed in the matrix (equal to 0.65 at.%) is consistent with observations of previous studies using APT [26] or synchrotron techniques [7, 8] . An explanation for the increased carbon solubility in bainitic ferrite has been proposed by Hulme-Smith et al. [8] , who support the hypothesis that the higher carbon content observed in ferrite is a consequence of an increased carbon solubility due to the change in symmetry from the conventional cubic unit cell to the tetragonal unit cell. The present observations do however not reveal information on the tetragonality of the bainitic ferrite.
Upper bainite (420°C)
In upper bainite, the results show that the transformation produces cementite, but in this case some partitioning of Mn and Cr is observed at the cementite-ferrite interface. This trend is consistent with previous observations by APT [24] [25] performed on martensitic samples, tempered at similar temperature range.
As far as the bainitic ferrite matrix is concerned, there is no carbon segregation inside the ferrite region between the two adjacent cementite particles. This is in agreement with TEM observations showing a lower dislocation density in bainite formed at 420 ∘ C (Fig. 6b) . The dislocation density in upper bainite, although it was not directly measured or calculated, it can be expected to reach values of the order of
. This assumption is based on the dislocation density value calculated by using tensile test data in tempered martensite sample, as it was explained in Chapter 5 of [28] , and on TEM analysis showing that the bainitic ferrite matrix in upper bainite resembles the one of martensite tempered at 480 ∘ C in terms of contrast.
The APT tips from this specimen were prepared using site-specific preparation. In this case, choosing an area of strong segregation of Mn and Cr for the analysis was not relevant, since these areas do not transform into bainite. Thus, the tips were prepared from a transformed area, which contained carbides.
Inverse bainite (510°C)
The SEM micrograph of Fig. 9a shows that the cementite is always found to nucleate at prior austenite grain boundaries. In previously published research of the authors, it was shown that this cementite is forming in bands where high concentrations of Mn and Cr are found. This segregation implies that the local thermodynamic conditions are different from for the rest of the material, and the austenite decomposition at these locations will follow a different sequence, as shown in Fig. 6 of [17] . The austenite in Cr-rich and Mn-rich regions will decompose following the phase formation sequence of hyper-eutectoid steels [29] . It has been reported in such cases that the so-called inverse bainite can be formed. This type of ferrite and cementite phase mixture is forming with cementite directly precipitating at the austenite grain boundary, initiating the transformation. Ferrite subsequently forms surrounding the cementite. In fact, thermodynamic calculations reveal that the addition of substitutional elements in an FeeC system changes the range of stability of different phases. The phase diagram isopleths of 51CrV4, shown in Fig. 6 of [17] for the local composition measured by EPMA at regions with high Mn and Cr segregation, reveals a eutectoid composition of 0.4 wt% C (1.8 at.%). Therefore, in the high Mn and Cr region the austenite of the investigated steel can decompose by forming pre-eutectoid cementite or M 7 C 3 before forming ferrite. Carbides can be found, which are directly surrounded by martensite, without any intermediate ferrite layer, which indicates that the carbides form before the ferrite and thus can act as leading phase for the formation of this microstructure. These facts indicate that the microstructural product formed at temperatures between the temperatures for upper bainite and pearlite formation can be inverse bainite, as was reported for the higher carbon steels in literature [30] [31] [32] .
Chromium has a special role in the formation of this non-classical structure. It is mainly responsible for the observed shift of the eutectoid composition to lower carbon contents; it significantly retards the bainite formation and it is found to partition in carbides. A solute drag effect can explain the retardation of bainite growth at high temperatures. The requirement for Cr diffusion for the formation of carbides explains the slow reaction kinetics of this transformation. 
Thermodynamic considerations -formation mechanism
The morphological and the chemical diversity observed can be further interpreted in terms of thermodynamics. Thermodynamic calculations were performed using ThermoCalc software with TCFE7 database. The α/α + γ and γ/α + γ boundary lines were calculated in the para-equilibrium condition in the range of 600-800 ∘ C and then extrapolated to lower temperatures. In Fig. 11 the para-equilibrium T γ→θ and T γ→α as well as the orthoequilibrium T γ→θ lines are extrapolated to lower temperatures. Based on our experimental findings, for the temperatures of 300 ∘ C and 420 ∘ C bainite formation can proceed under para-equilibrium conditions. However, at 510 ∘ C, it was experimentally observed that substitutional alloying elements partition to the carbides and at segregate at the interfaces. Therefore, in this case local equilibrium conditions can be assumed, which are represented by the orthoequilibrium T γ→θ line in Fig. 11 . For bainite forming at 300 ∘ C, in TEM it was observed that there is an initial, carbide-free spine of ferrite forming without precipitation of carbides. This initial plate grows into the surrounding austenite at a rate governed by the diffusion of C. At some point, the supersaturation of C in austenite is sufficient to allow PE cementite precipitation directly from austenite at the γ/α interface according to Fig. 11 . The reaction of cementite precipitation consumes the C from the remaining austenite, thus providing driving force for further grow of the bainitic ferrite without further nucleation being necessary. For bainite forming at 420 ∘ C, the diffusivity of C is higher, hence the concentration profile at the interface is broader. The undercooling is still high enough for the transformation to occur by a shear mechanism. The higher diffusivity can explain the coarser ferrite plates and the high undercooling its morphology. The cementite in this case is also coarser, but it has another different feature: it is not aligned at a specific orientation, but it follows the γ/α plate boundaries. This happens because cementite forms at the carbon rich areas in the remaining austenite, surrounding the newly formed bainitic ferrite plates. In the sample, isothermally treated at 510 ∘ C, ferrite was found at the prior austenite grain boundaries, hence called allotriomorphic. However, it presented facets and sometimes acicular morphology or even degenerate Widmanstätten features. This can be attributed to the low driving force for Widmanstätten ferrite formation. Inverse bainite formation initiates with precipitation of carbides of Widmanstätten morphology at the prior austenite grain boundaries. Ferrite will form surrounding these carbides because carbon will be consumed for the carbide formation, triggering the formation of ferrite. The ferrite grows to a specific width and then, according to apt analysis, significant segregation of Cr and Mn is found at the α/α ′ (previously γ)
boundary. It is therefore suggested that the coarsening of the ferrite ceases because of solute drag.
Conclusions
In the present study, bainite microstructures, which were produced by an isothermal treatment of 51CrV4 medium carbon, low alloy spring steel have been characterized by SEM TEM and APT. It was found that:
1. Bainitic ferrite contains more carbon in solution than is predicted from the thermodynamic equilibrium. The carbon content of the bainitic ferrite becomes higher as the transformation temperature decreases. This could be attributed to the possibletetragonality of bainitic ferrite, allowing higher solubility of C in α-Fe. 2. The substitutional alloying elements (Mn, Cr) did not partition to the carbides during lower bainite formation. Silicon was depleted from the carbides. This is a process occuring after the precipitation (tempering). 
